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ABSTRACT
FU Tau A is a young very low mass object in the Taurus star forming region which
was previously found to have strong X-ray emission and to be anomalously bright for
its spectral type. In this study we discuss these characteristics using new information
from quasi-simultaneous photometric and spectroscopic monitoring. From photometric
time series obtained with the 2.2m telescope on Calar Alto we measure a period
of ∼ 4 d for FU Tau A, most likely the rotation period. The short-term variations
over a few days are consistent with the rotational modulation of the flux by cool,
magnetically induced spots. In contrast, the photometric variability on timescales of
weeks and years can only be explained by the presence of hot spots, presumably caused
by accretion. The hot spot properties are thus variable on timescales exceeding the
rotation period, maybe due to long-term changes in the accretion rate or geometry.
The new constraints from the analysis of the variability confirm that FU Tau A is
affected by magnetically induced spots and excess luminosity from accretion. However,
accretion is not sufficient to explain its anomalous position in the HR diagram. In
addition, suppressed convection due to magnetic activity and/or an early evolutionary
stage need to be invoked to fully account for the observed properties. These factors
cause considerable problems in estimating the mass of FU Tau A and other objects
in this mass/age regime, to the extent that it appears questionable if it is feasible to
derive the Initial Mass Function for young low-mass stars and brown dwarfs.
Key words: stars: low-mass, brown dwarfs; stars: rotation; stars: activity; accretion,
accretion discs
1 INTRODUCTION
FU Tau has been known for several decades as a variable star
embedded in the dark cloud B215 (e.g. Gotz 1961; Romano
1975) and as a member of the Taurus star forming region
based on Hα emission and proper motion (Haro et al. 1953;
Jones & Herbig 1979). Recently the object has drawn inter-
est because it turned out to be a binary, with a primary
component FU Tau A and the faint companion FU Tau B
at a separation of 5.7”, corresponding to a projected separa-
tion of ∼ 800AU for the distance of Taurus. Luhman et al.
(2009) discovered the companion and estimated spectral
types of M7.25 and M9.25 and masses of 0.05 and 0.015M⊙
⋆ E-mail: aleks@cp.dias.ie
for the two objects, indicating that FU Tau may in fact be a
rare wide binary brown dwarf. Because of the wide separa-
tion of the two components and the location far away from
any other member of the star forming region, FU Tau is of
considerable interest to test formation scenarios for substel-
lar objects.
Apart from its binarity and location, FU Tau A turns
out to exhibit two other anomalous properties. First, the
object has strong X-ray emission compared with other ob-
jects at similar spectral type (Stelzer et al. 2010). More-
over, the X-ray spectrum indicates the presence of soft ra-
diation, possibly from an accretion-related shockfront, as
has been observed previously for more massive objects (e.g.
Stelzer & Schmitt 2004). Second, FU Tau A is anomalously
bright for objects of this spectral type in the Taurus star
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forming region. It sits about one order of magnitude above
the 1Myr isochrone in the HR diagram (Luhman et al. 2009;
Stelzer et al. 2010). In Stelzer et al. (2010) a few possible
scenarios have been put forward to explain these features,
including suppressed convection due to magnetic activity,
excess flux from accretion, and early evolutionary stage.
Here we set out to put further constraints on the prop-
erties of FU Tau A by analysing its photometric and spec-
troscopic variability. This paper is mainly based on photo-
metric time series obtained with the instruments CAFOS
and BUSCA at the 2.2m telescopes of the German-Spanish
Astronomical Center at Calar Alto observatory. In Sect. 2
we discuss these observations and the reduction of the data.
The analysis of the photometry and spectroscopy is pre-
sented in Sect. 3 and 4. In Sect. 5 we compile all available
information on the variability of the system from our new
observations, the literature, and archives and constrain the
origin of the variations using spot models. We discuss the
results in the context of the two anomalies mentioned above
in the final Sect. 6.
2 OBSERVATIONS AND DATA REDUCTION
2.1 CAFOS
2.1.1 Imaging
Our primary photometric time series was obtained with
CAFOS at the 2.2m telescope on Calar Alto over five nights
in Nov/Dec 2010. CAFOS is a 2×2k CCD camera mounted
in the RC focus. With a pixel scale of 0.′′53, it gives a field of
view (FOV) of 16′ × 16′. The filters, however, do not cover
the full FOV; in effect a circular FOV with diameter of ∼ 14′
can be used.
While the whole run was affected by dodgy weather
conditions, including bad seeing, high humidity, and clouds,
we obtained 62 useful images in the R-band and the same
number in the I-band for our target. The final night of the
run we observed Landolt standard stars under photometric
conditions for calibraton purposes (2x field SA92, 3x field
SA98). The observing log for the run is given in Table 1.
FU Tau is located in the middle of a dark cloud devoid
of stars. Since we need non-variable field stars to calibrate
the lightcurves, our FOV was not centered on FU Tau it-
self. Instead, we positioned FU Tau in the south-west (SW)
corner of the CCD, which allows us to cover a sufficient num-
ber of field stars in the area immediately north-east (NE) of
the cloud. To minimize flatfield problems, we aimed to keep
the position of the time series field as constant as possible;
the offsets between the images are < 10”. We also aimed to
keep the flux level of FU Tau A roughly constant, i.e. we
varied the exposure times to account for changes in seeing
and transparency.
For all images we carried out a standard reduction: sub-
tracting the average bias level and dividing by a scaled, av-
eraged domeflat. We found that the flatfielding is not per-
fect; the resulting frames are affected by a large-scale in-
terference pattern, which might be due to water condensa-
tion on the detector window. The effect increases with the
time offset between science frames and domeflats. Therefore
we obtained two sets of domeflats per night and corrected
the images using the flatfield with the minimum time off-
Table 1. Time series observations with CAFOS and BUSCA.
In the 2nd column, the ’C’ stands for CAFOS and the ’B’ for
BUSCA. The values for exposure times and seeing are typical for
a particular night.
Date bands no. exp time seeing
2010-11-28 C/R,I 6 250, 100 2”
2010-11-30 C/R,I 21 450, 120 3-4”
2010-12-01 C/R,I 8 300, 100 2”
2010-12-02 C/R,I 27 300, 80 2”
2010-12-08 B/I 2 120 2.′′1
2010-12-10 B/I 5 120 1.′′7
2010-12-11 B/I 6 120 1.′′6
2010-12-13 B/I 1 120 1.′′5
2010-12-15 B/I 4 120 2.′′4
set. Since the pattern has a spatial scale of > 50” and the
spatial offsets in the time series are < 10” we do not think
that the pattern has an effect on the lightcurves. In addi-
tion, the I-band frames show a faint small-scale interference
pattern due to nightsky emission lines, which contributes to
the noise.
2.1.2 Spectroscopy
As part of the same run, we obtained 5 low-resolution spec-
tra for FU Tau A, using grism R400 with a nominal resolu-
tion of 10 A˚.
The spectra for FU Tau A were debiased and
background-subtracted by fitting a 2nd order polynomial
to each line in the spatial direction. They were extracted,
dispersion-corrected and flux-calibrated using standard rou-
tines in IRAF.
2.2 BUSCA
Complementary time series photometry in the I-band was
obtained using BUSCA at the 2.2m telescope on Calar Alto.
BUSCA allows to take images in four bands simultaneously,
achieved through 3 dichroic beam splitters. Our target, how-
ever, was not detected in the three blue channels (Stromgren
vby filters); we only use the images in the reddest channel,
which corresponds to the Cousins I-band. The observations
started about a week after the CAFOS run and continued
for another week. Similar to the CAFOS run, parts of the
observations were affected by clouds, strong winds, and high
humidity. No photometric calibration was carried out.
An 11′ × 11′ FOV centered on FU Tau was observed
in 7 nights in Dec 2010, of which 5 provided usable data
(see Table 1). The FOV covers the bright K2III star 2MASS
J04232455+2500084 and 5-10 point sources 1-2mag fainter
than FU Tau A. For all images, we carried out a standard
reduction including bias subtraction and flatfield correction.
3 TIME SERIES PHOTOMETRY
3.1 Photometry and relative calibration
From the CAFOS time series we derived R- and I-band
lightcurves for FU Tau A. We hand-picked a sample of 48
c© 2002 RAS, MNRAS 000, 1–10
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Figure 2. I-band lightcurve for FU Tau A derived from the
BUSCA images.
(I) and 45 (R) sources, including FU Tau A and all other
isolated stars with similar brightness in the FOV. For these
objects we carried out aperture photometry using a constant
aperture of 10 pixel and a sky annulus of 10-20 pixel. Due to
the poor seeing, the companion FU Tau B is not detected
in most of the CAFOS images; no photometry was possible
for this object.
To correct for the effects of variable seeing and trans-
parency (’relative calibration’), we calculated the average
time series of non-variable stars in the field and subtracted
it from all lightcurves. The non-variable stars were chosen
using the procedure outlined in Scholz & Eislo¨ffel (2004).
The routine selected 18 (R) and 10 (I) stars as non-variable,
based on a comparison of their lightcurve with the aver-
age lightcurve of all other stars. The average RMS of the
lightcurves for these non-variable stars is 0.010 (R) and
0.012mag (I), which defines the photometric accuracy.
From the BUSCA images we obtained I-band
lightcurves for FU Tau A and all other stars in the field,
again using aperture photometry with the same parameters
as for CAFOS. The bright star 2MASS J04232455+2500084
clearly looks variable, but 7 faint field stars show stable
lightcurves. Their average lightcurve is used for the rela-
tive calibration. After subtraction of the average lightcurve,
the RMS for the 7 field stars is 0.011-0.025, an average
of 0.018mag, confirming that they are non-variable. For
comparison, the RMS for 2MASS J04232455+2500084 is
0.13mag.
3.2 Lightcurve analysis
The lightcurves from CAFOS and BUSCA show that FU
Tau A is a variable star. Its RMS is 0.04 (R-band, CAFOS),
0.02 (CAFOS, I-band), and 0.04 (BUSCA, I-band), signifi-
cantly more than comparison stars (0.01mag for CAFOS,
0.02mag for BUSCA, Sect. 3.1). The lightcurves from
CAFOS and BUSCA are shown in Figs. 1 and 2. Most of
the variability is on timescales of > 1 d; these variations are
intrinsic to the source and are not seen in the reference stars.
In addition, the CAFOS lightcurves show intra-night
variability with smaller amplitude. These variations, how-
ever, are partly seen in the reference stars as well. FU Tau
A is by far the reddest object in our sample. The influence
of the atmospheric conditions is colour-dependent, which is
not taken into account in our correction. Thus, one could
expect the reddest objects to show some residuals of the
trends caused by atmospheric effects. Hence, we do not con-
sider the low-level intra-night variability in FU Tau A to be
real.
Using all available CAFOS datapoints for a given fil-
ter, we searched for a period using a combination of three
routines. The R- and the I-band lightcurves show a dom-
inant peak in the CLEANed periodogram (Roberts et al.
1987) at a period of 3.8 (R) and 4.0 d (I). The same peak
is detected in the Scargle periodogram (Scargle 1982) with
a false alarm probability below 10−5 (calculated following
Horne & Baliunas (1986)). In the Scargle periodogram, how-
ever, the peak is very broad and does not permit an accurate
assessment of the period. Finally, we compare the RMS in
the original lightcurve with the RMS after subtracting a sine
function with the suspected period using the F-test. Again,
the period of 3.7-4.0 d is highly significant in both bands,
with false alarm probabilities below 10−5. In Fig. 3 we show
the phase-folded lightcurve assuming P = 3.8 d, which we
consider to be the best-fitting period from all three algo-
rithms. The observing run covers only one period, and the
sampling of the period is patchy (in phase space). Therefore,
a relatively large range of periods (3.5-4.1 d) give a decent
fit to the data, i.e. the uncertainty in the period is in the
range of ±0.3 d.
Although the coverage with BUSCA is not sufficient
to carry out an independent period search, we use these
datapoints to check the period derived from the CAFOS
lightcurves. In Fig. 4 we show a phaseplot for all I-band data,
assuming a period of 3.8 d (left panel) and 4.2 d (right panel).
A good match is achieved for a period of 4.2 d, slightly larger
than the period determined from the R- and I-band CAFOS
lightcurves. A period of 3.8 d only matches if a significant
phase shift between the CAFOS and the BUSCA data is
assumed.
3.3 Calibrated photometry
From the Landolt standard fields observed in the last night
of the CAFOS run we derived a photometric calibration. In
total, we observed 45 standards from which 40 gave use-
ful photometry. These stars cover a wide range in airmass
from X = 1.3 to 2.0. For the R-band the absolute mag-
nitudes R are well reproduced with a zeropoint shift and
an extinction term: R = r − 1.647 − 0.147X. The RMS for
this transformation is 0.03, dominated by the uncertainty
in the zeroterm. For the I-band, it turns out that an ad-
ditional colour term improves the RMS from 0.1 to 0.05:
I = i − 2.281 − 0.069X + 0.136(r − i). (In these equations,
the lower case letters are instrumental magnitudes and up-
per case letters calibrated magnitudes.)
Applying this transformation to the instrumental mag-
nitudes measured for FU Tau A gives R = 15.39 and
I = 13.73mag for the night 2010-12-02. For this night the
lightcurve for FU Tau A indicates a photometric uncertainty
of ∼ 0.02mag (see Sect. 3.2). Adding this in quadrature to
the calibration errors, the total uncertainty in the absolute
magnitudes is 0.04 in the R-band and 0.05 in the I-band.
Published photometry in similar bands for FU Tau A is
c© 2002 RAS, MNRAS 000, 1–10
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Figure 1. Lightcurves for FU Tau A derived from the CAFOS images for the R- and the I-band. In addition to the target, we show the
lightcurve of a similarly bright, non-variable reference star in the same field. The intra-night variability of FU Tau A is partly seen in
the reference stars as well and could be due to secondary extinction effects and not intrinsic to the source. The inter-night variability,
however, is not apparent in the reference stars.
Figure 3. Phase-folded lightcurves for FU Tau A assuming our best-fitting period of 3.8 d, determined from the CLEANed periodograms.
The typical error is 0.010mag in R and 0.012mag in I.
Figure 4. Phase-folded I-band lightcurves for FU Tau A showing the datapoints from CAFOS (crosses) and BUSCA (circles) for two
different periods. The typical error is 0.012mag for CAFOS and 0.018mag for BUSCA.
c© 2002 RAS, MNRAS 000, 1–10
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Table 2. Calibrated photometry for FU Tau A in bands similar
to Johnson R and I. Typical errors are 0.05mag.
Date Sloan r Sloan i John R John I Comment
Oct 2001 16.94 CMC141
06/12/2002 17.13 14.86 16.41 13.92 Sloan2,3
29/12/20024 16.86 14.75 16.18 13.85 Sloan2,3
29/12/2002 13.58 CFHT2
02/12/2010 15.39 13.73 CAFOS5
1 Evans et al. (2002)
2 Luhman et al. (2009)
3 Sloan magnitudes converted to Johnson using equations in
Jordi et al. (2006)
4 Conflicting epoch information in Luhman et al. (2009) (29 or
31/12/2002)
5 this paper
available from CFHT (Cousins I), Sloan (r, i), and the Carls-
berg Meridian Catalog 14 (filter close to Sloan r). To trans-
form the Sloan magnitudes to the Johnson/Cousins system,
we used Equ. (2) and (8) from Jordi et al. (2006). All cali-
brated photometry in the bands R and I is listed in Table
2. The band transformations from Sloan to Cousins depend
linearly on R− I and are only calibrated for 0 < R− I < 2,
whereas FU Tau A is slightly redder (R − I = 2.3 − 2.5)
in the Sloan photometry. There is, however, no evidence for
additional colour trends for R−I < 2 in Fig. 3 of Jordi et al.
(2006), i.e. any error introduced by this conversion is likely
to be small.
The two epochs of Sloan photometry differ by 0.07 in I
and 0.23 in R over a timescale of 23-25 d, which is slightly
more than our amplitudes measured over 5 nights. Compar-
ing our photometry with the Sloan values indicates long-
term variability of 0.2mag in I and 0.9mag in R. FU Tau A
was much fainter and also redder in R− I in 2002 compared
with 2010 (R − I ∼ 2.4 vs. 1.7mag).
The Sloan and CFHT photometry has been measured
in December 2002. In Luhman et al. (2009) the epochs are
listed as Dec 6 and 29 in their Table 1 and as Dec 6 and 31
in the text. FU Tau is not listed in the 6th data release of
the Sloan Digital Sky Survey (Adelman-McCarthy & et al.
2008) referenced by Luhman et al. (2009), and not in the
7th data release either, therefore we cannot verify the ex-
act source of the photometry. According to Luhman et al.
(2009) the CFHT data is from Dec 29.
The I-band difference between the second Sloan epoch
and CFHT of 0.27mag seems quite a lot compared with
the low level of variability in our lightcurve (6 0.05mag
in one night, 0.09mag over 4 nights, Sect. 3.2). The large
difference could be due to a) inconsistencies in the I-band
calibration, b) problems with the transformation from Sloan
to Cousins bands (see above), or c) a strong outburst in that
particular night. For these reasons we cannot reliably use the
CFHT I-band magnitude and disregard the datapoint in the
following. The CMC14 datapoint was obtained in October
2001 and is consistent with the Sloan r-band value from
December 2002.
Figure 5. Low-resolution spectroscopy for FU Tau A from
CAFOS. The dates and times of the observations and the equiv-
alent widths for Hα are indicated. The NaI absorption feature is
marked. The resolution is 10 A˚.
4 SPECTROSCOPY
The five CAFOS spectra for FU Tau A, obtained in 4 dif-
ferent nights in Nov/Dec 2010, are shown in Fig. 5. The
spectral shape is remarkably similar; we do not find any
significant differences in the continuum. With our low reso-
lution of 10 A˚, the Hα feature at 6563 A˚ is the only emission
feature. The equivalent widths (EW) for this line are in the
range of 135-155 A˚ and are indicated in Fig. 5. The variations
in the EW are not significantly larger than the uncertainty,
which is in the range of ±10−20 A˚. The EWs are also consis-
tent with the value of 146A˚measured from a Gemini/GMOS
spectrum in March 2008 (Stelzer et al. 2010).
Using the PC3 index suggested by Mart´ın et al. (1999)
we assigned spectral types. In chronological order, the spec-
tral types are M6.82, M6.86, M6.67, M6.72, M6.66, i.e. the
change is only ±0.1 subtypes. Compared with the uncertain-
ties, this is not a significant variation. Thus, the photometric
variability observed for FU Tau A does not manifest itself as
a change in spectral type. This is not particularly surprising,
as the colour variation in R− I over this time series is only
3% (Table 3).
The Hα EW of FU Tau A is well-above the usually
adopted threshold between non-accreting ’weak-line’ and
accreting ’classical’ T Tauri stars (CTTS). According to
Barrado y Navascue´s & Mart´ın (2003), all M7 objects with
Hα EW > 40 A˚ should be considered to be accretors. FU
Tau A’s status as substellar analog to a CTTS is con-
firmed by the presence of mid-infrared excess (Luhman et al.
2009), most likely from a circumstellar disk, and a wealth
of other accretion-related emission lines in the optical and
near-infrared spectrum (Stelzer et al., in prep.).
The spectra also clearly show the NaI absorption fea-
tures at ∼ 8200 A˚, which is in fact a doublet of lines at 8183
and 8195 A˚(Kirkpatrick et al. 1991). The feature is sensitive
to surface gravity and can be used as an age indicator for
cool stars. In our spectra the EW for NaI are 3-3.5 A˚. For
comparison, objects with similar spectral type as FU Tau
A have typical NaI EW of 6-8 A˚ in the field, 5-6 A˚ in the
100Myr old cluster Pleiades, and 1.5-3.5 in the 3Myr old
c© 2002 RAS, MNRAS 000, 1–10
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Table 3. Photometric amplitudes for FU Tau A as a function of
filter and timescale
Filter λ (µm) ∆t A (mag)
Johnson I 0.85 4 d 0.09± 0.021
Johnson R 0.65 4 d 0.12± 0.021
Johnson I 0.85 7 d 0.14± 0.031
Sloan z 0.89 23 d 0.07± 0.072
Sloan i 0.75 23 d 0.09± 0.072,3
Sloan r 0.62 23 d 0.27± 0.072,4
Sloan g 0.47 23 d 0.44± 0.072
Sloan u 0.36 23 d 0.71± 0.082
Johnson I 0.85 8 yr 0.2± 0.11,2
Johnson R 0.65 8 yr 0.9± 0.11,2
IRAC2 4.5 2 yr 0.19± 0.032
IRAC4 8.0 2 yr 0.25± 0.042
1 this paper
2 Luhman et al. (2009)
3 translates to Johnson I amplitude of 0.07
4 translates to Johnson R amplitude of 0.23
σOri cluster (Steele & Jameson 1995; Kenyon et al. 2005).
Thus, our NaI measurement confirms the youth of FU Tau
A.
5 ORIGIN OF THE VARIABILITY
The available photometry for FU Tau A provides an account
of its variability on timescales ranging from hours to years.
While our photometric time series with CAFOS and BUSCA
covers the short-term variations (a week or less) in the op-
tical, the archived data in the literature from Sloan and
Spitzer constrains the long-term changes in the optical and
infrared. In Table 3 we compile the variability amplitudes
for FU Tau A from a variety of sources. In the following we
aim to use the characteristics of this dataset to constrain the
physical properties of FU Tau A, in particular the presence
of cool spots caused by magnetic activity and/or hot spots
caused by the accretion flow.
As demonstrated in this paper, FU Tau A shows small-
scale variations of ∼ 0.1mag in the I- and R-band on
timescales of a few days, with a periodicity in the range
of 4 d (Sect. 3.2). A plausible explanation for this behaviour
is the presence of asymmetrically distributed surface spots
which cause a modulation of the observed flux due to the ro-
tation of the object, a behaviour typical for many young low-
mass stars (Herbst et al. 2007). The amplitudes are slightly
larger in the R-band by factor of 1.3, as expected for cool
spots (Bouvier et al. 1995).
Simple spot simulations were used to constrain the
properties of the spots. We calculate the flux ratio between
the spotless surface of FU Tau and the surface with a sin-
gle spot with a certain temperature TS and filling factor
f (defined as the fraction of the surface covered by the
spot). For the spectrum of the unspotted photosphere, we
used the AMES-DUSTY spectrum (Allard et al. 2001) for
T = 3000K and log g = 3.5, typical of very young objects.
Note that the actual temperature of the unspotted photo-
sphere is not known. Based on the average spectral type of
M6.75 (Sect. 4), we would estimate 2800K (Mentuch et al.
2008), but if spots are present the unspotted photosphere
will be hotter. We ran the same simulations for T = 2800
and 3200K. Since this gives only marginally different results,
the exact choice of T does not seem to be relevant.
The spot spectrum was approximated either by the
AMES-DUSTY spectrum or with a blackbody. We calcu-
lated flux ratios as a function of wavelength for TS ranging
from 1500 to 4000K in steps of 100K and f ranging from
0.01 to 0.3 in steps of 0.01. For the blackbody spot, we ex-
tended the temperature range to 4500K.
To compare these ratios with the observations, we cal-
culated the amplitudes mR and mI for the wavelengths of
the respective filters and derived the following test quantity:
χ2 =
1
N
N∑
i=1
(∆X −mX)
2
δX2
(1)
Here ∆X are the observed amplitudes, δX their errors (both
from Table 3), mX the amplitudes from the simulations and
N is the number of filters. A good fit will result in χ2 < 1.
In Fig. 6, upper row, we show the results for the CAFOS
data; all parameter combinations with χ2 < 1 are plotted
with crosses, the ones with χ2 < 3 with dots. In both types
of simulations, the observed amplitudes are best-matched
by cool spots with f ∼ 0.1. Not surprisingly, the match is
better when the spot is modeled with the AMES-DUSTY
spectrum, as cool spots are expected to have a spectrum
resembling a cool photosphere. Hot spots, on the other hand,
do not provide a good match. This result becomes stronger
when we consider that the CAFOS amplitudes are likely
to be somewhat smaller, as the lightcurves are affected by
atmospheric effects (Sect. 3.2).
The variations on timescales of 1-3 weeks are con-
strained by the BUSCA lightcurve and the Sloan photome-
try. Here the amplitudes tend to be somewhat larger than
on the 4 d timescale covered by CAFOS. Moreover, the am-
plitude ratio between the R- and I-band in the Sloan data
is a factor of 3 larger than in the CAFOS lightcurves. The
Sloan photometry indicates a steep increase of the ampli-
tudes towards shorter wavelengths, which is typical for hot
spots, as already discussed in Stelzer et al. (2010). We ran
the same spot simulations as before for the Sloan amplitudes
(2nd section in Table 3) and plot the results in Fig. 6 (lower
left panel). This time only hot spots with f < 0.1 provide
a decent match. Not shown are the results for spots with
AMES-DUSTY spectrum, because this series of simulations
does not give any match with χ2 < 3.
The best way to constrain the long-term optical varia-
tions on timescales of years is the comparison between our
dataset and Sloan in the R- and I-band (3rd section in Table
3). Here the R-band amplitude is by a factor of 4.5 larger
than the I-band amplitude. Again, the simulations essen-
tially rule out cool spots, but give a good match for a vari-
ety of parameter combinations for hot spots (Fig. 6, lower
right panel). As this test is based only on two bands, the
results do not provide particularly good constraints on the
spot parameters. The simulation for the two Sloan epochs
(see above) with five filters, including the blue bands, prob-
ably gives a better idea of the hot spot properties.
We also explored the possibility of having hot and cool
spots simultaneously on the surface of FU Tau A. Using
c© 2002 RAS, MNRAS 000, 1–10
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Figure 6. Best-fitting spot temperature/filling factor combinations from the simulations discussed in Sect. 5. All crosses show the best
fitting combinations with χ2 < 1, all dots with χ2 < 3.
the Sloan amplitudes in five bands and adopting a filling
factor of 5% (for hot and cool spots, respectively) yields
a good match with χ2 < 1 for Thot = 3500 − 3600K and
Tcool = 2000 − 2900K. For higher filling factors, Thot de-
creases, and vice versa. Thus, the combination of hot and
cool spots definitely fits the observed amplitudes.
We conclude that the periodic modulation on a
timescale of 4 d is best explained by cool spots co-rotating
with the object. On longer timescales of weeks to years, how-
ever, the optical variability is dominated by hot spots. The
cool spots are asymmetrically distributed and thus cause a
periodic, rotational signal. The hot spots, on the other hand,
are axisymmetric (e.g., limited to the polar regions) and sta-
ble in size/location over timescales of at least 4 d, but vary
on longer timescales.
The cool spots are most likely caused by suppressed con-
vection due to magnetic field lines penetrating through the
photosphere, as commonly observed for magnetically active
stars, including the Sun. The hot spots could be indicative
of the same phenomenon: If most of the surface is covered
by cool spots, the few remaining areas of unspotted photo-
sphere would be observed as hot spots. This would, however,
require implausibly large filling factors of > 70%, because
the hot spot solutions in the simulations give filling factors
below 30%.
The more probable option is that the hot spots are
shock fronts caused by gas accretion from the disk onto
the object. This is also supported by the presence of Hα
emission in the spectra, which is likely to be dominated by
accretion as well (Sect. 4). The lack of variability in Hα over
timescales of 4 d (EW varies by < 10− 15%) is in line with
the presence of stable accretion-related spots. If accretion is
the origin of the hot spots, the long-term variability in FU
Tau A indicates substantial changes in the accretion config-
uration (geometry or accretion rate) on timescales of years.
In addition to the optical variability, FU Tau also ex-
hibits moderate changes of ∼ 0.2mag at wavelengths of 3-
8µm on timescales of years (4th section in Table 3), which
are significantly larger than the photometric error. The best
explanation for the infrared variations is changes in the disk
structure or temperature, which could be related to changes
in the accretion flow.
6 DISCUSSION: THE NATURE OF FU TAU A
FU Tau A is anomalous in its observed properties, primarily
in two aspects:
1) In comparison with Taurus objects of similar spec-
tral type and temperature, FU Tau A shows strong X-ray
emission, although still consistent with the large scatter (see
Fig. 3 in Stelzer et al. 2010). Moreover, the X-ray emission
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is dominated by a soft radiation component, which may be
explained by emission from an accretion shock.
2) FU Tau A is overluminous in the HR diagram, with
respect to the other known brown dwarfs of Taurus and to
the theoretical 1Myr isochrone (see Fig. 4 in Stelzer et al.
2010). This has been shown based on a luminosity calculated
from the J-band magnitude (Lbol/L⊙ = 0.2, Luhman et al.
2009). We re-determined the luminosity by comparing model
spectra with the full set of optical and near-infrared photom-
etry (SDSS ugriz, 2MASS JHKs) using VOSA (Bayo et al.
2008), and find Lbol/L⊙ = 0.19 . . . 0.21, confirming the lit-
erature value.
Since the overluminosity of FU Tau A is central for
the following arguments, we verify this claim by plotting
FU Tau A and B in a magnitude vs. effective temperature
diagram together with other late-type members of Taurus.
As a comparison sample, we use the census by Rebull et al.
(2010), which comprises spectroscopically confirmed mem-
bers of Taurus. Their sample of previously known members
contains 215 objects, out of which 186 have a spectral type
in the literature and 2MASS photometry. We limit ourselves
to objects with spectral type later or equal M4, AV < 5mag.
Since FU Tau A and B are a Class II source based on their
SED and have low extinction (Luhman et al. 2009), we also
exclude sources with the SED type ’Class I’ or ’flat’ and with
AV > 5mag. This leaves 71 objects out of which 35 have a
disk according to the Spitzer data and 20 are detected in
X-rays according to XEST1 (Gu¨del et al. 2007).
For these objects we determined AV from the J − K
colour:
AV = [(J −K)− (J −K)0]/0.1844 (2)
This is based on the extinction law by Cardelli et al. (1989)
for RV = 4.0. We use (J −K)0 = 1 which is appropriate for
this spectral type range, as outlined in Scholz et al. (2009).
After correcting the J-band magnitudes for extinction, we
subtracted a distance modulus of 5.73mag for d = 140 pc,
to yield the absolute J-band brightness MJ . Spectral types
were converted to effective temperatures using the relation
by Mentuch et al. (2008). For FU Tau A and the companion
B we carried out the same procedure. For FU Tau A we
adopted a spectral type of M7, the average of our result
(Sect. 4) and the type given by Luhman et al. (2009). Since
no J-band magnitude is available for FU Tau B, we started
with its K-band magnitude (Luhman et al. 2010) and added
1.3mag, which is the typical extinction corrected J − K
colour for Taurus members at spectral type ∼M9 or later.
The resulting brightness-temperature diagram is shown in
Fig. 7.
Our goal was to minimise systematic effects that could
influence a comparison between FU Tau A and the other
objects. The x-axis is affected by inconsistencies in spectral
typing, which we estimate to be in the range of ±0.5 sub-
types, as most of the objects have been classified using simi-
lar procedures and in the optical wavelength regime. On the
y-axis, we estimate an uncertainty of ±0.3mag which mostly
comes from the extinction estimate. One problem could be
additional flux from disks in the K-band, which would cause
us to overestimate extinction and brightness of objects with
1 XMM-Newton Extended Survey of the Taurus molecular clouds
Figure 7. Absolute J-band magnitude vs. effective temperatures
for FU Tau A and B (triangles) and other confirmed members of
Taurus (dots, see text for selection criteria). Objects with disks
are marked with crosses, those with X-ray detection with plusses.
We overplot the BCAH (solid lines) and DUSTY (dashed lines) is-
chrone for an age of 1Myr (Baraffe et al. 1998; Allard et al. 2001).
The dashdotted line is a linear fit to the DUSTY isochrone shifted
to match the positions of FU Tau A and B.
disks. In Fig. 7, however, no systematic difference is seen be-
tween objects with disks and those without, indicating that
this effect is negligible.
Fig. 7 clearly demonstrates that FU Tau A is signifi-
cantly brighter than all other similar objects in the Taurus
star forming region with the same spectral type. The differ-
ence is ∼ 1mag compared with the brightest other objects
at this spectral type or ∼ 2mag compared with the average
brightness at this spectral type. As can be seen in the figure,
the same offset is observed for FU Tau B, i.e. it cannot be
explained by an effect that would only apply to FU Tau A,
for example, an undetected close companion. One could ex-
plain the offset by lowering the distance of FU Tau to 90 pc
or less, but this would place it outside the Taurus star form-
ing region which makes it difficult to explain the young age
of the system. In summary, the overluminosity of FU Tau A
as well as the overluminosity of its companion is confirmed
by our analysis.
In Stelzer et al. (2010) we suggest three plausible inter-
pretations to explain the 2 anomalies discussed above: sup-
pressed convection, accretion, and the evolutionary stage of
the object. In the following we discuss these scenarios in
light of the new analysis presented in this paper.
6.1 Suppressed convection
Strong magnetic activity could suppress the convection on
the stellar surface and produce cool spots, as it seems to
be the case in the primary of the eclipsing brown dwarf bi-
nary 2MASS J05352184-0546085 (Stassun et al. 2007). This
would make FU Tau A appear cooler than it should be ac-
cording to its mass, i.e. it would in fact be a very low mass
star and not a brown dwarf. Correcting for this effect would
shift FU Tau A roughly horizontally in the HR diagram
towards higher temperatures and closer to the bulk of dat-
apoints in Fig. 7. The same explanation could theoretically
apply to FU Tau B.
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A higher mass would also help to explain the high X-ray
luminosity (Stelzer et al. 2010), because of the well-known
correlation between LX and Lbol (e.g. Telleschi et al. 2007).
In Fig. 7 we mark all objects with X-ray detection with
plusses. The fraction of X-ray detected objects is only 2/29
(7%) for Teff < 2800K. In this temperature regime, FU Tau
A is clearly an exception. For higher temperatures (2800-
3300K), the rate is 18/42 (42%) and the X-ray luminosity
of FU Tau A would not be anomalous. In contrast to FU Tau
A, the companion B is not detected in X-rays (Stelzer et al.
2010), which fits well into the lack of X-ray detections for
objects below 2800K.
The scenario of suppressed convection would require
fast rotation, strong magnetic fields and/or magnetic spot
coverage (Chabrier et al. 2007; MacDonald & Mullan 2009).
The only way to definitely confirm it would be a model-
independent mass estimate, which is not available for FU
Tau A.
Indirectly, however, the new data supports the idea of
suppressed convection. The presence of cool, magnetic spots
is confirmed by the lightcurve analysis (Sect. 5), although
the lightcurves can only detect asymmetrically distributed
spots and cannot be used to fully characterise the spot dis-
tribution on the stellar surface. The rotation period of 4 d
is quite long when compared with typical periods for young
brown dwarfs (< 2 d, Scholz & Eislo¨ffel 2005), but fits much
better with the typical range of periods for young very low
mass stars (2-5 d, Herbst et al. 2001). Thus, suppressed con-
vection remains a plausible option.
6.2 Accretion
Accretion from a circumstellar disk might cause excess lu-
minosity in the optical and near-infrared and shift objects
vertically in Fig. 7. As said above, accretion might also be
the best explanation for the soft X-ray emission in FU Tau
A. Accretion is clearly ongoing, as evidenced by the optical
spectra (this paper, Stelzer et al. in prep.). The long-term
variability in FU Tau A can only be explained by excess flux
from hot spots and could indicate variable accretion (Sect.
5). However, since the spot temperatures are not particu-
larly high (< 5000K) accretion is unlikely to cause a drastic
over-estimate in the luminosity. For plausible spot parame-
ters of TS = 4000K and f = 0.1 (see Fig. 6) the excess flux
at 1.0µm would only be in the range of 30%. It needs to be
stressed, however, that the variability is caused only by the
changes in the hot spots, i.e. higher excess luminosity from
constant, axisymmetrically distributed spots is possible.
The interpretion of the high luminosity in terms of ac-
cretion would imply that the actual Lbol is much lower, lead-
ing to an unusually high fractional X-ray luminosity. If the
luminosity is in fact one order of magnitude lower than given
by Luhman et al. (2009), we would get log (LX/Lbol) =
−2.2 (Stelzer et al. 2010), much more than the median for
Taurus brown dwarfs (-4.0, Grosso et al. 2007), which would
thus create a new anomaly. Also, some other very low mass
objects in Taurus share the unusual characteristics of FU
Tau A (position in Fig. 7 above the isochrone and strong
X-ray emission), albeit not as extreme as our target, and
some of them are not accreting. For these reasons, accretion
is unlikely to be the only reason for the anomalies of FU
Tau A.
Similar to FU Tau A, the companion FU Tau B shows
strong Hα emission and mid-infrared excess indicative of
the presence of a disk (Luhman et al. 2009). Thus, accretion
could also affect its position in Fig. 7.
6.3 Evolutionary stage
The overluminosity of FU Tau A and B could also be caused
by extreme youth. If accretion occurs mostly in bursts
(’episodic accretion’), objects which are technically ’coeval’,
i.e. have started their protostellar collapse at the same time,
could be in a different stage of their accretion history and
spread out in the HR diagram (Baraffe et al. 2009). Overlu-
minous objects would be younger in terms of their accretion
evolution.
In Fig. 7 we overplot the BCAH and DUSTY 1Myr
isochrones (Baraffe et al. 1998; Allard et al. 2001). The
comparison with the Taurus members shows that most of
them fall within ±1mag of this isochrone, indicating an av-
erage age of 1Myr. The dash-dotted line is a linear fit to
the DUSTY isochrones, shifted by 3mag towards brighter
absolute magnitudes. The locations of FU Tau A and B
are well-approximated by this line, i.e. the two objects sit
about 3mag above the isochrone. The Baraffe et al. models
do not include the formation process and accretion history
(Baraffe et al. 2002), i.e. the comparison with the observa-
tions is limited. It does show, however, that FU Tau A and
B have roughly equal distance from the isochrone on the y-
axis, i.e. in terms of these models they can be considered to
be coeval.
If extreme youth is the reason for the unusual bright-
ness of the two FU Tau components, it seems surprising that
no other typical signs of the earliest evolutionary stages of
T Tauri stars are seen. The objects have low extinction and
their SEDs are classified as Class II, i.e. they are not em-
bedded in a thick protostellar envelope. Also, the current
accretion rate of FU Tau A is relatively low and comparable
to the other Class II objects of similar spectral type in Tau-
rus (10−9−10−10M⊙ yr
−1, Stelzer et al. 2010). In addition,
Class 0/I protostars appear to show lower or similar X-ray
luminosities than Class II sources (Prisinzano et al. 2008),
e.g. extreme youth cannot explain the strong X-ray emission
of FU Tau A. Thus, an early evolutionary stage is not an
entirely satisfactory explanation.
6.4 Conclusions
In summary, FU Tau A is affected by accretion plus mag-
netic activity and possibly evolutionary stage as well. Al-
though the observed properties of FU Tau A are anomalous,
these three factors are not limited to this particular object.
All young populations show substantial spread in the HR
diagram and in the other relevant properties (e.g., X-ray lu-
minosities, Hα luminosities, rotation periods). Evidence for
accretion and strong magnetic activity is commonly seen in
classical T Tauri stars and brown dwarfs. FU Tau A (and
its companion FU Tau B) happens to be a case which sticks
out in some of its observed properties, but there is no reason
to believe that it is unusual in its physical characteristics.
This could have important consequences for our under-
standing of the Initial Mass Function in the low-mass regime.
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Even with the wealth of photometric and spectroscopic data
available for FU Tau A, it is still not possible to estimate its
mass reliably. Depending on the relative magnitude of the ef-
fects of suppressed convection and accretion, the mass could
be anywhere between 0.05 and 0.2M⊙, a factor of 4 uncer-
tainty. In addition, the unknown evolutionary stage and ac-
cretion history means that we cannot trust the isochrones
for mass estimates. Thus, barring a more complete under-
standing of magnetic activity and its effect on the observable
properties as well as protostellar evolution it does not seem
feasible to derive a mass function for very young very low
mass stars and brown dwarfs.
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NOTE ADDED IN PROOF
Regarding the discussion in Sect. 3.3, it was brought to our
attention that the SDSS photometry for FU Tau A and B
was published in the data release of the ’Low Galactic Lati-
tude Fields’, which are not part of the standard SDSS data
releases (Finkbeiner et al. 2004). The correct epoch for the
SDSS datapoints for FU Tau is Dec 31 (Luhman, private
communication).
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